Hazardous organic wastes from industrial, military, and commercial activities represent one of the greatest challenges to human beings[@b1][@b2]. Advanced oxidation processes (AOPs) are alternatives to the degradation of those organic wastes[@b3][@b4][@b5]. In 1987, Glaze et al.[@b3] defined AOPs as "near ambient temperature and pressure water treatment processes which involve the generation of hydroxyl radicals in sufficient quantity to effect water purification". The hydroxyl radical (·OH) is a powerful, highly reactive chemical oxidant, which reacts very quickly with organic compounds. Recently, other studies have suggested that, besides ·OH, AOPs can also generate other oxidizing species, such as sulfate radicals[@b6][@b7]. It is generally believed that, depending upon the nature of the organic species, they are oxidized by radicals mainly through hydrogen abstraction or addition itself to double bonds of the contaminant[@b8].

AOPs are important tools for environmental technology, so they have to be placed on more sound scientific and engineering basis. However, the knowledge about the exact mechanisms of AOPs is still incomplete[@b9][@b10]. The most difficult problem is how to chooce or design the most efficient AOPs system for the given pollutant. So, the reaction mechanisms, efficiency improvement, and their mathematical modeling will be the key subjects of the future research.

Some investigators called AOPs as "cold combustion"[@b11][@b12]. Just because, similar with combustion, AOPs is a kind of oxidation process which could oxidize and mineralize the organic matter under mild conditions. But we tried to discover more similarities between them and achieve some enlightenment which is helpful to analyze, predict, understand and improve the oxidation efficiency of AOPs. Here we report a similar phenomenon exist in the AOPs: induced effects, which is a general property of combustion reaction. In ancient times, human ancestors drilled wood to make fire. As a Chinese saying goes, "a single spark can start a prairie fire". Both of them mean that combustion can be induced by a small fire. Our experimental results indicated that AOPs may also have induced effects. The following experimental findings directly or indirectly reflect the induced effects of AOPs from different angles.

Results and discussion
======================

Fenton\'s reagent (mixture of hydrogen peroxide and ferrous iron) is one of the most effective AOPs, which was developed in the 1890s by Henry John Horstman Fenton as an analytical reagent[@b13]. Fenton\'s reaction is based on the catalyzed decomposition of H~2~O~2~ by ferrous iron to produce reactive ·OH[@b14]. It has been found effective in treating various industrial wastewater components including a wide variety of landfill leachate[@b15], pesticides[@b16] and surfactants[@b17], as well as many other substances. Oxidations of ethylenediaminetetraacetic acid (EDTA) by Fenton\'s reagent were carried out in our experiments, and the results are shown in [Fig. 1](#f1){ref-type="fig"}. The results indicated that the reaction rate is very slow in the early stage of the reaction, only about 22% COD of EDTA have been oxidized in the first 25 min. Meanwhile, the solution temperature also raised very slowly, from 32°C raised to 42°C in the first 25 min. However, after this early stage, a sudden violent oxidation reaction has occurred, and the temperature raised very quickly, reached 80°C in the 10 minutes. About 45% of EDTA oxidation have achieved in this 10 minutes. According to usually employed hydroxyl radical theory, it implies that a large number of ·OH produced at this stage. However, it is difficult to understand why a long waiting time is needed before producing those large number of ·OH. We believe that this is a induction reaction which just like the burning process of a pile of wood from hardly ignition to strong burning, and finally burned out.

The oxidation efficiency of Fenton\'s reaction could be strongly accelerated by adding UV radiation[@b18][@b19]. Although 254 nm UV radiation could penetrate only a very short distance into the mixed solution of H~2~O~2~ and EDTA ([Fig. 2](#f2){ref-type="fig"}). The result shows that addition of UV radiation could cut the waiting time of occurring violent oxidation reaction from 25 to 15 minutes ([Fig. 1a](#f1){ref-type="fig"}). This phenomenon can also be explained by induced effects. Firstly, UV radiation could quickly initiate the oxidation reaction in the range where UV radiation could penetrate. Then, already happened reactions induce the whole reaction. In fact, researchers have developed a variety of methods to induce advanced oxidation reaction in recent decades, such as optical[@b20], electrical[@b21], ultrasonic[@b22] and microwave[@b23].

Inspired by the induced effects, we tried to feed easily oxidizable organic matter to promote the oxidation of refractory organic compound in the solution. The experiment results agree well with our notions. In the EDTA oxidation experiments using Fenton process, the method of pre-feeding potassium oxalate in the solution, similar with UV, could also cut the waiting time of occurring violent oxidation reaction. The reason for choosing the potassium oxalate as an example is that it will not add COD of the solution, and then not affect the calculation of COD removal efficiency. According to the result, the addition of 11 mM potassium oxalate could cut the waiting time from 25 to 20 minutes when 50 mM EDTA was treated by Fenton process ([Fig. 1](#f1){ref-type="fig"}). This means that the pre-oxidation of potassium oxalate could induce the oxidation of EDTA. It will be easily understood if we connect it with a very common practice: oil usually used to quickly induce a log of wood combustion. Using easily biodegraded organic matter, such as sucrose and starch[@b24][@b25], to increase the biodegradation is a common method in the biological process. But this strategy is rarely used in the physicochemical method. To be sure, using easily oxidizable organic matter to promote the efficiency of AOPs has important practical value for the degredation of refractory organic compounds.

*tert*-Butanol, which is a strong radical scavenger, was adopted as the indicator for the hydroxyl radical type reaction. As shown in [Fig. 1](#f1){ref-type="fig"}, the addition of *tert*-butanol markedly reduced the AOPs efficiency, indicating that the ·OH was the main active species in the process. The results suggested that these procedures (UV, K~2~C~2~O~4~) actually enhanced the hydroxyl radical production[@b26][@b27].

In addition, it is well known that oxygen will not be consumed if there is no fuel in a combustion reaction. Similarly, when study the reaction of degradation organic compounds by UV/H~2~O~2~ process, we discovered that H~2~O~2~ will consumed very slowly if there is no organic compounds in the solution ([Fig. 3](#f3){ref-type="fig"}). This is another phenomenon to reflect the similar of AOPs with combustion. Based on this experiment result, even though the exact mechanism involved are not known, it is understandable if we assume that organic compounds play an important role for ·OH production along with oxidant, catalyst, UV or other possible factors in the AOPs.

From the above experimental results and discussions, we hypothesize that AOPs may have induced effects, which is similar to combustion. Although the mechanism is unclear, the findings from those studies raise new thinking in the relationship of AOPs and combustion, especially about induced effects. For example, combustion reaction is induced by the heat, but what induced the reaction of AOPs? We hope others will take up the challenge to begin addressing this important issue. It not only helps us to understand the mechanism of AOPs in more depth but also help us to find new methods to improve its efficiency from the angle of induced effects. In addition, it will raise a bold ideas: maybe all oxidation reactions have induced effects, such as corrosion, aging and passivation. Muchmore research is necessary to reveal the possibilities of induced effects in those fields.

Methods
=======

Chemicals
---------

Ferrous sulfate (FeSO~4~·7H~2~O), Disodium EDTA (Na~2~H~2~EDTA), potassium oxalate (K~2~C~2~O~4~·2H~2~O), hydrogen peroxide (30%, w/w), sulfuric acid (98% w/w), tert-butanol and sodium hydroxide were obtained from Tianjin Chemical (Tianjin, China). All chemicals were analytical grade reagents and were used as received without further purification. Distilled water was used to prepare all experimental solutions.

Analysis methods
----------------

In the present experiments, in order to compare with combustion, the EDTA oxidation effect was reflected by measuring COD which was measured using Standard Method 5220D[@b28]. The hydrogen peroxide concentration were monitored by iodometric titration with sodium thiosulfate[@b29]. All measurements of UV light intensity were made by a fluorescence spectrometer (PerkinElmer LS-45). Absorption spectra were measured by a UV--vis spectrophotometer (Hitachi, model U-3010, Japan) at a fixed slit width (1 nm) using a 1-cm quartz cell.

Photoreactor
------------

A lab-scale photoreactor has been designed for the batch experiments. The photoreactor has a total volume of 4 liters of capacity. The irradiation was provided by a low-pressure mercury lamp (Shenzhen Dohill Inc., 80 W electric power, and 314 cm^2^ irradiation surface) with predominant UV intensity at 253.7 nm (75 mW/cm^2^ at the surface of the lamp). The lamp was vertically located in the center of the photoreactor.

Experimental procedures
-----------------------

4 liters experimental solutions were added to the photoreactor. Then, predetermined amounts of H~2~O~2~ were added into the photoreactor. For the Fenton and UV-Fenton reactions, predetermined amounts of Fe^2+^ were added into the photoreactor at the same time. Dark experiments were conducted under identical conditions without UV exposure. UV-Fenton reactions commenced when the UV light was turned on. At appropriate time intervals, 20 ml of the sample solution was removed from the photoreactor into the tubes for test. Each experiment was performed at least twice, except in the cases where the variation for replicate experiments exceeded 5%, more replications were performed. All the experiments and measurements were carried out at room temperature.

Author Contributions
====================

P.L., C.L. and Z.Z. designed the study and performed most experiments, assisted by G.L. and W.Z., P.L. and H.C. analysed the data. P.L. and C.L. wrote the manuscript. All authors discussed the results and commented on the manuscript.

This work was supported by grant 51178135 from National Natural Science Foundation (P.R. China).

![Comparison of oxidation efficiency of EDTA by different processes (b) and the changes in the temperature of the solution (a): (1) Fenton, (2) UV/Fenton, (3) Fenton + K~2~C~2~O~4~, (4) UV/Fenton + tert-butanol (5) Fenton + K~2~C~2~O~4~ + tert-butanol.\
Experimental conditions: EDTA: 50 mM, H~2~O~2~: 1.5 M, Fe^2+^: 15 mM, K~2~C~2~O~4~: 11 mM, tert-butanol: 10 mM.](srep04018-f1){#f1}

![Absoption spectra of 50 mM EDTA and 1.5 M H~2~O~2~ mixed solution.](srep04018-f2){#f2}

![Decomposition of H~2~O~2~ when it is irradiated by UV, Experimental conditions: H~2~O~2~: 100 mM.](srep04018-f3){#f3}
